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Introduction to a Model for Life Cycle Optimisation of Industrial Equipment 1 Introduction

During the last years, the operating context of global companies has been dramatically changed due to several reasons, often mutually related.

Firstly, globalization pushed the industrial companies of Advanced Countries (European, American and Japanese) to face the ones of emerging countries (BRICS) in a "flat" world [START_REF] Friedman | The World Is Flat: A Brief History of the Twenty-First Century[END_REF], where global competitors start from the same line. In this context, Advanced Countries companies are forced to face the low cost pressure of emerging countries.

At the same time, also the customers' behaviour changed. Global customers demand for personalized solutions [START_REF] Mccarthy | Special issue editorial: the what, why and how of mass customization[END_REF] at the lowest total cost of ownership, more reliable systems, less polluting equipment, less consuming plants / facilities, greener products, etc.

Environmental consciousness is more and more felt, also due to the imposition of regulations and normative. In fact, national and international institutions are strictly regulating the environment, like Kyoto protocol or the tons of EU Directives.

In this evolving context, to pursue a life cycle approach, considering both economic and environmental dimensions, and realizing green products / systems at the less cost of ownership, can be a strategic key for Advanced Countries companies to compete and survive in the global market.

Designers and system engineers are the main involved actors to pursue a life cycle approach, due to their influence on product life cycle costs and environmental impacts. Different studies like [START_REF] Munro | Let's roast engineering sacred cows[END_REF], [START_REF] Romm | Lean and Clean Management: How to Boost Profits and Productivity by Reducing Pollution[END_REF], [START_REF] Dowlatshahi | The role of logistics in concurrent engineering[END_REF] and [START_REF] Blanchard | Design To Cost, Life-Cycle Cost[END_REF] estimates how designers, during the design phase, fix about 65%-85% of the total costs. The same consideration, about product life cycle environmental impacts, is reported in [START_REF] Rebitzer | Life cycle assessment Part 1:Framework, goal and scope definition, inventory analysis, and applications[END_REF].

The aim of this paper is to propose a first model to support designers and system engineers in the creation and identification of best life cycle oriented concept. The paper is so organized: in Section 2 a brief state of the art of Life Cycle Optimisation will be presented. In Section 3 the conceptual framework of the model will be explained, while in Section 4 first results are reported. Finally, in the Section 5, conclusions will end the paper.

State of the Art

To pursue a Life Cycle approach, in terms of costs and environmental impacts, it is necessary to study and depth two methodologies: Life Cycle Costing (LCC) and Life Cycle Assessment (LCA). Both the methodologies are well known in literature, being developed by the 60s.

Life Cycle Costs are described as "cradle-to-grave" costs summarized as an economic model of evaluating alternatives for equipment and projects [START_REF] Barringer | A Life Cycle Cost Summary[END_REF]. [START_REF] Elmakis | Life cycle cost analysis: Actual problem in industrial management[END_REF] defined LCC as the total cost of acquiring and utilizing a system over its entire life span, in other words LCC is the total cost of procurement and ownership. More detailed definitions are proposed by [START_REF]Reliability and Maintainability: Guideline for Manufacturing Machinery and Equipment[END_REF] -Life cycle cost is the total cost of ownership of machinery and equipment, including its cost of acquisition, operation, maintenance, conversion, and/or decommission -and [START_REF] Landers | Product Assurance Dictionary[END_REF] -LCC are summations of cost estimates from inception to disposal for both equipment and projects as determined by an analytical study and estimate of total costs experienced in annual time increments during the project life with consideration for the time value of money.

Life Cycle Assessment is described as a technique to assess environmental impacts associated with all the stages of a product's life from-cradle-to-grave [START_REF]Life Cycle Assessment: Principles and Practice[END_REF].

[13] instead stated LCA as a methodological framework for estimating and assessing the environmental impacts attributable to the life cycle of a product.

The LCA process is a systematic, phased approach and consists of four components: goal definition and scoping, inventory analysis, impact assessment and interpretation. This process is described in the standard "ISO 14040 Environmental Management -Life Cycle Assessment -Principles and Framework" [START_REF]ISO 14040 Environmental Management -Life Cycle Assessment -Principles and Framework[END_REF].

The above described methodologies allow only an evaluation / estimation of costs and environmental impacts along the product lifecycle, comparing few alternatives. Therefore, to be more effective in the product development, it is necessary to explore a huge number of alternatives -if it is possible all the ones -, in order to find the best solution. The idea is to apply something similar to Set Based Concurrent Engineering (SBCE), exploring and testing several concepts in parallel. The results of the alternatives are presented in different forms like trade-off curves, checklist, etc., in order to support the decision [15] [16].

To pursue this approach, LCC and LCA methodologies are not sufficient. Therefore it is necessary to support them, applying methods and techniques so as to explore the different alternatives, evaluating costs, environmental impacts and technical performances along the whole life cycle.

Analysing the literature, two main areas are identified: optimisation and simulation. Within our group, two works try to explore these areas. In [START_REF] Cerri | Multi-Objective Optimization of Product Life-Cycle Costs and Environmental Impacts[END_REF], 79 contributions from the last 15 years (39 related to LCC methodology and 40 related to LCA methodology) are analysed, in order to find which types of optimisation method are used and if costs and environmental impacts were together optimised, or at least both considered. In [START_REF] Garetti | Life Cycle Simulation for the design of Product-Service Systems[END_REF] authors analysed the state of the so called Life Cycle Simulation (LCS). 43 contributions from the last 15 years are analysed, in order to classify the field.

From these analyses some gaps / discordances came to light. In literature, optimisation methods are applied in few contributions, while the majority used simply the life cycle methodologies for an evaluation, using in some cases software (mainly applied to LCA). Moreover, using a multi-objective optimisation there is not a unique solution, obviously, but a set of optimal solutions, due to the tradeoffs incurred between the different objectives. Therefore the decision makers have to choose the best solution for their customers within a set of optimal solutions.

In simulation area, instead, there are several discordances in the definition of lifecycle boundaries and which should be the inputs and outputs of the simulation. Moreover, different tools are used to perform a simulation of the product life cycle, from spread-sheets, mathematical software, and programming languages to specialist computational packages. Found these gaps / discordances, the objective of the paper is to define a model for Life Cycle Optimisation, considering the literature analysed. In the next section the Conceptual Framework behind Life Cycle Optimisation model will be presented.

Conceptual Framework of Life Cycle Optimisation

In the light of the deficiencies / discordances shown in the previous section, the aim of the paper is to show the develop of an integrated, structured and robust model, completed by methods and tools, to support designers and system engineering during the concept phase, in order to create and identify the optimal life cycle oriented concept, in terms of economic and environmental dimensions. The conceptual framework of the model is reported in this Section (see Fig. 1).
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Fig. 1. Conceptual Framework of Life Cycle Optimisation model

The framework is composed of four main blocks. In the first one, "Problem definition and Modeling", the problem will be defined, in order to determine which costs, environmental impacts and performances take into account. This allows understanding which data and information are necessary to model the problem. The output of this block is all the possible concepts.

In the second one, "Alternatives' Exploration", methods or techniques will be applied, in order to narrow the initial number of concepts, selecting a set of optimal ones. As previously discussed, the most used optimisation method is genetic algorithm, that is very fitting with multi-objective problems, like the minimization of costs and environmental impacts generated along the product life cycle.

In the third one, "Analysis of Solutions' Robustness", methods or techniques will be used, in order to evaluate the robustness of the solutions changing some parameters. Analysing the literature, a method like Life Cycle Simulation or Sensitivity Analysis could be useful for the purpose. The output will be a set of optimal and robust concepts.

Finally, in the last block, "Decision Making", methods or techniques will be applied, in order to choose the more appropriate life cycle oriented concept for the customers. Having a multi-objective problem, the output at the end of the third block will be a set of optimal concepts. To weight the objectives, satisfying customer's requirements and needs, allow finding the more appropriate life cycle oriented concept for itself. Methods like Multi-Criteria Decision Making (MCDM) are effective to return the best concept.

In the next Section a first application of the model will be shown.

First Application

The conceptual framework developed and described in the previous section has been applied to a real case study: we have performed the Life Cycle Optimisation of an engine assembly line.

A. Problem Definition

In particular, we have considered a fraction of the line composed by five stations. As shown in Fig. 2, each station forming the analysed assembly line has been actually provided with a set of available alternatives: we have considered 16 station alternatives (2 alternatives for the first station, 4 alternatives for the second station, and so on, where "aut", "saut" and "man" stand for automatic, semiautomatic and manual, respectively), but the set of available alternatives to be evaluated during the optimisation can be easily extended. Taking up the definitions of Cartesian product and cardinality, since the line is formed by 5 stations and the number of alternatives each station is provided with is known, the number of available line alternatives can be evaluated as follows: 

| | | |

B. Alternatives' Exploration and Analysis of Solutions' Robustness

The aim of the analysis has been finding the optimal line configuration or line alternative. From an economical point of view, the "optimal" line configuration is the one that minimizes life cycle costs; therefore we have performed a singleobjective optimisation: ∑ where LCCs represents the lifecycle cost of s-th station that forms the line analysed. Being a single-objective problem, in this particular case the Decision Making block has not been implemented. Moreover, Alternatives' Exploration and Analysis of Solutions' Robustness have been realized in one single step, combining simulation and optimisation. In particular, in the proposed model the life cycle behaviour of a station is simulated by means of Discrete Event Simulation (DES). Therefore, allowing the user to replicate the station model an arbitrary number of times, it is possible to create the model of any industrial equipment (e.g. an assembly line or a production line) and simulate its costs and environmental impacts from a life cycle perspective. Optimisation by means of genetic algorithm is also implemented to identify the values of each station's input parameters which permit to minimize a suitable objective function: processing simulation outputs in an iterative way, the optimisation method eventually finds the "optimal" line configuration. Adopting simulation-based optimisation allows to get significant information during the early design stages: simulation permits to cover the whole life cycle perspective, while optimisation ensures that final results -in terms of input parameters -denote the selection of best elements (with regard to some criteria specified in the objective function) from some set of available alternatives. The implementation of this model is realized taking advantage of the potentialities provided by MATLAB® and Simulink®: in such a way it is possible to make use of one single software tool -Simulink is integrated with MATLAB -to combine optimisation with simulation.

In Fig. 3 the outward appearance of the "station block" is presented, i.e. the Simulink block that implements the simulation of the life cycle behaviour of a manufacturing plant's station. In the right side of the block it is possible to recognize the output ports that allow extracting the signals generated within the block. In such a way these output signals are made available for visualization and postprocessing analysis. Particular attention has been paid to realize an in depth modelling of the station's maintainability, since at equipment and system level maintainability has a great influence on reliability and availability; it is thus an important parameter in the optimisation of availability and life cycle costs. 

C. Results

In Fig. 4 results are presented. The first graph of Fig. 4 shows the convergence of the genetic algorithm to the optimal solution; the algorithm stopped according to the selected stopping condition, i.e. on the basis of the evaluation of the weighted average relative change in the fitness function value. The second graph provides the vector entries of the individual with the best fitness function value, i.e. the number of the selected alternative of each station forming the line. Even if these results refer to the optimal solution from an economical perspective, the value of its environmental impacts has been kept under control, so as to satisfy environmental requirements too.

Results have been validated and the model has been regarded as an interesting support tool during the early stages of the detailed design. 

Conclusions

In this paper the aim is to present a model for Life Cycle Optimisation of industrial equipment. Introduction (Section 1) points out the context where Advanced Countries companies operate, highlighting how to pursue a Life Cycle approach can be a strategic key to compete and survive in the global market. Moreover, the main actors involved in Life Cycle approach are identified in designers and system engineers.

Analysing state of the art about life cycle methodologies (Section 2), two main methodologies are identified: Life Cycle Costing and Life Cycle Assessment. However, these methodologies are not sufficient to explore a huge numbers of alternatives. The idea is to apply something similar Set Based Concurrent Engineering, exploring different concepts in parallel. To pursue this approach it is necessary to support LCC and LCA, applying methods and techniques so as to explore the different alternatives, evaluating costs, environmental impacts and technical performances along the whole life cycle. In literature two main areas are identified: optimisation and simulation. Analysing these areas, gaps / discordances came out.

In the light of these deficiencies, a conceptual framework of Life Cycle Optimisation model is presented (Section 3), and in Section 4 a first application is shown.

Designers and system engineers of the first application have appreciated this model, because it allows them a fast exploration of a huge number of concepts.

However, further analyses are necessary to improve the proposed model. First of all, a more accurate literature analysis is necessary, in order to define all the existing methods / techniques, to classify them and to select the more appropriate one for the model.

Finally, a new application cases will be searched, to test in depth and to make the most general possible the model proposed. In particular, a comparison between an application case in B2B (Business-to-business) market and another one in B2C (Business-to-customer) market could be really interesting, in order to understand if a different approach in Life Cycle Optimisation exists.
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